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Abstract 
In this thesis we have used temperature and high pressure to investigate the 
loss mechanisms present in visible, near infrared and infrared strained and unstrained 
semiconductor lasers. We find that tensile strained lasers show pressure dependent loss 
mechanisms similar in magnitude to those of unstrained and compressively strained 
devices. We present for the first time measurements of the temperature sensitivity of 
long wavelength lasers as a function of high pressure. Unstrained lasers show a 
pressure dependent temperature sensitivity whilst tensile strained lasers do not, over 
the range 150K to 300K. This leads us to conclude that phonon assisted Auger may 
be more significant than band to band Auger in tensile strained devices. We also 
demonstrate a possible mechanism for the decrease of Auger for these quantum well 
structures by estimating the effect of pressure on the gain - carrier density relation. 
High pressure measurements on 800nm GaAs quantum well lasers with 
superlattice barriers show the effect of changing the relative positions of the 
superlattice barrier IF and X minima. We find that the threshold current increases 
rapidly when the barrier is made indirect and conclude that this effect is due to 
repopulation of the barrier X minima with electrons from the active quantum well. 
For visible lasers we find that above lOkbar the effect of pressure on the 
threshold current is an increase which is attributable to losses from the active region 
to the X minima in the barrier. For a Philips bulk visible laser the threshold current 
remains relatively constant with pressure below lOkbar, whereas a Philips 
i 
compressively strained device shows a decrease in Iý of about 25% up to 6kbar, a 
behaviour never seen before in short wavelength lasers. For the Philips 1% 
compressively strained laser the increase in Ith above 6kbar is also attributed to losses 
to the X minima. Measurements of a 1% compressively strained IBM laser showed 
immediate increases of threshold current with pressure, which is again attributed to 
the X minima in the barriers. 
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Chapter 1 
Introduction 
1.1 The Importance of Laser Diodes 
Semiconductor diode lasers have an ever increasing variety of applications. 
Their individual usage is determined by several operating characteristics, such as 
output wavelength, power, temperature sensitivity, astigmatism, far-field pattern and 
dynamic response. 1.5511m wavelength lasers have been developed to transmit signals 
into silica based optical fibres, since this is their minimum absorption window. 
Minimum dispersion is obtained at 1.3µm although the benefits of minimum 
absorption and minimum dispersion may be exploited by DFB lasers, which maintain 
a single output wavelength, operating at 1.55µm. The need for repeater stations still 
occurs for long distance optical fibres, and the system can be greatly simplified by 
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employing erbium doped fibre amplifiers which require 1µm wavelength diode laser 
pumps. Below 1µm the applications become mainly those of data storage and the now 
familiar compact disc player relies heavily on 0.89m diode lasers to read data. The 
progression to erasable/recordable optical data storage dictated a need for high power 
lasers, in excess of 50mW, and the demands for increasing mass data storage capacity 
now push the operating wavelengths towards 0.639m. At wavelengths below 0.67µm 
the diode laser is becoming increasingly popular for bar code scanners, the low power 
consumption and portability of semiconductor lasers means that they are now rapidly 
replacing helium neon lasers for these applications. 
The laser diodes under investigation in this work span the range of the devices 
just discussed. A wide range of experiments have been carried out in order to further 
understand the physical factors influencing their operation. 
The thesis is organised as follows; In chapter 2 the relevant theories of laser 
diodes are briefly reviewed in order to set the background for discussions of pressure 
measurements and the loss mechanisms they reveal, and of the influence of strained 
layers. Chapter 3 is an introduction to the types of measurements made and describes 
the equipment used and some of the important experimental considerations required. 
Chapter 4 is mainly concerned with tensile strained long wavelength lasers and 
attempts to answer some of the remaining questions on their remarkable, and 
unexpected, high performance. High power 0.8µm lasers are examined in chapter 5 
and experiments carried out on GaAs quantum well lasers with superlattice barriers 
are described. Finally, in chapter 6, short wavelength (<0.711m) lasers are discussed 
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with the aim of projecting our discoveries into future design considerations. 
Concluding remarks and recommendations for future work are covered in chapter 7. 
Chapter 2 
Theory 
2.1 Introduction 
Semiconductor lasers are essentially p-n junctions operated in forward bias to 
achieve optical gain (hence they are often known as diode lasers). The feedback 
required to sustain lasing action is achieved through the cleaved ends of the 
semiconductor which act as partially reflecting mirrors. For a good review of the basic 
properties of semiconductor lasers the reader is referred to references [1-21. The 
present importance of semiconductor lasers rests fully on the technological 
achievements to date. These achievements have been made possible by unravelling the 
mysteries of their operation, thus building up a good theoretical understanding of their 
fundamental nature. The methods employed in this thesis to extend our knowledge 
of semiconductor lasers are reliant upon several important aspects of established 
theory. This chapter briefly discusses some of those relevant theories. 
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2.2 The effect of hydrostatic pressure on tetrahedral semiconductors 
The effect of hydrostatic pressure, p, on a tetrahedral semiconductor, ie of 
groups IV, III-V and II-VI, is to decrease the crystal lattice constant and, 
consequently, to increase the direct bandgap, Eg, throughout the Brillouin zone. The 
effect of pressure on the semiconductors G1All_,, As and G,, In,.,, As3, p1_Y is now well 
established [3,4] and they are found to behave in a very similar manner. Figure 2.1 
illustrates the effect of hydrostatic pressure on a typical DIN semiconductor. The 
movements of the symmetry points shown in Fig. 2.1 are characterised by their 
pressure coefficients, a measure of the energy shift of the respective conduction band 
minimum in relation to the valence band maximum, as a function of pressure. The 
pressure coefficients are thus related to the bandgap deformation potential and the bulk 
modulus (assuming no axial components) by 
dEg/dP = -a,, 0B (2.1) 
where ao, is the hydrostatic bandgap deformation potential and B is the bulk modulus. 
Typically aoL is between -5eV and -9eV for III-V semiconductors and is calculated to 
be -8.33eV for GaAs [5]. With B found experimentally as 747kbar for GaAs [6] then 
dE, IdP is expected to be 11.2meV/kbar although its most commonly accepted value 
is the measured value of Wolford et al which is 10.74 +/- 0.05meV/kbar [7]. 
As well as influencing the bandgaps of semiconductors, hydrostatic pressure 
also alters the dispersion of the bands, particularly around the I' conduction band 
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minimum and light hole band maximum. Adams et al [8] found that the relative 
increase in effective mass is approximately proportional to the relative change in the 
direct bandgap, which for GaAs is 0.7%/kbar. 
4meV/kbar 
x 
L lamvnbar 2mev/kbu 
r 
Heavy Hole 
Light Hole 
Split-Off 
Fig. 2.1 The effect of hydrostatic pressure on the bandgaps of a III-V semiconductor. The spin- 
orbit splitting, A. is not expected to move with pressure [9]; Bendoryus et al have found dA/dp 
= 0.1+/- 0.4 meV/kbar [10]. 
2.3 The effect of temperature on semiconductors 
There are two ways in which the temperature may affect the bandgap of a 
semiconductor. Firstly, since the bandgap is inversely proportional to the square of 
the lattice spacing, an increase in the latter due to the thermal expansion of the 
semiconductor will decrease the bandgap. Secondly the electron-phonon interaction 
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results in some perturbation of the bandgap. Electrons thermalise to the lowest 
available states before recombining with holes and thus 'see' a lower optical bandgap. 
Temperature also has a large influence on the loss mechanisms of a semiconductor 
laser, these are discussed later. 
2.4 The effect of pressure on Quantum wells 
Since the energy of luminescence of a quantum well is determined by its 
confinement energy then differences between the pressure coefficient of a quantum 
well and that for a bulk semiconductor may be seen. Equation 2.2 gives the 
confinement energy for an infinitely deep quantum well and shows the energy 
dependence on the well width, I., and the effective mass, m, of the carrier. For a 
finite well the penetration of the confined wave function into the barrier decreases the 
energy level Ea from that found for the infinite well approximation [11]. Hence as 
pressure is increased a change in confinement energy may result from four 
contributions. Firstly a change in the barrier height will occur if the well and barrier 
material have different pressure coefficients. Secondly through changes in band offset 
ratio as shown by Lambkin et al [12,13] who have measured the pressure dependence 
of the band offsets for a GaInAs/InP multiple quantum well structure. Thirdly, a 
pressure induced increase in effective mass will tend to decrease the confinement 
energies. Finally, the decrease in well width with pressure will increase confinement 
energies, although this has a negligible effect for pressures under 40kbar [14]. 
F. = h2 jr2 n2/2mLZ2 (2.2) 
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2.5 Loss mechanisms in semiconductor lasers 
2.5.1 Auger recombination 
Auger recombination is believed to be a main loss mechanism for long 
wavelength semiconductor lasers. The Auger process involves four particle states, as 
illustrated by the three band-to-band Auger processes in Fig. 2.2. Auger recombination 
may also take place by phonon-assisted and trap-assisted mechanisms. 
For the band-to-band processes shown in Fig. 2.2 an electron recombines with 
a hole and the excess energy and momentum is transferred to another carrier, which 
is thereby excited to a higher state. 
Band 
vy Hole 
[Ole 
Band 
vy Hole 
Pole 
CHCC CHHL 
CHSH 
Fig. 2.2. Band to band Auger recombination processes shown schematically. 
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The requirements of momentum and energy conservation lead to band-to-band Auger 
rates which are strongly temperature and bandgap dependent. The following simplified 
expressions for the Auger rate, in quantum wells, [15] illustrate these dependencies: 
CCCH 
R«n 2p x exp( -ý`) , where DE = 
m`E (2.3) 
a k8T omyM. 
CHHS 
R cc p 2n x exp( 
-DE `) , where AE =m 
, 
(E4 -0 (2.4) 
° keT me+2m-mj 
CHHL 
Ra «p 2n x exp( 
AE1) 
, where 
LE, =m+9-m (2.5) 
e 
where Eq is the energy separation of the quantum well confined conduction and 
valence band states, kB is Boltzmann's constant, T is temperature, n and p are the 
electron and hole carrier densities and m" ,m, m, , m1 are the effective masses 
for 
the valence, conduction, light hole and spin split-off bands respectively. 
Approximating n=p [15] the Auger rate may be written as : 
R= Cr? (2.6) 
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where C is the Auger coefficient and R is the rate of Auger recombination. This is a 
useful form in order to express the Auger contribution to the total current density, J 
(Acm 2) [16]: 
J/qd = An + Bn2 + Cn3 + R11N h (2.7) 
Here q is the electronic charge, d is the active region width, A is the 
monomolecular nonradiative rate (attributed to traps and interface defects), B is the 
spontaneous emission rate, R. is the stimulated emission rate and Nph is the intracavity 
photon density. Below threshold, ie without the last term of eqn 2.7 contributing, the 
L-I curve is effectively a plot of Bn2 against I. This representation then leads to some 
very effective analyses of measurements of the spontaneous emission efficiency at 
currents well below threshold, as demonstrated by van Opdorp and 't Hooft [17]. At 
higher currents non-linear effects may occur due to the carrier density dependence of 
B and Auger recombination as demonstrated by Olshansky et al [18]. Figure 2.3 is 
taken from ref [18] and illustrates how well the inclusion of Auger can model the 
radiative efficiency below threshold. From the bandgap dependency of Auger 
recombination it follows that the Auger rate is reduced by the application of 
hydrostatic pressure [19-21] and Poguntke and Adams [21] have measured an 
increase in the spontaneous emission efficiency with pressure which they attribute to 
the removal of Auger. 
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Fig. 2.3. The effect of Auger recombination on the observed spontaneous emission, modelled with 
CHHS as the dominant mechanism. Graph taken from Olshansky et ai (18]. 
2.5.2 Inter-Valence Band Absorption 
Inter-valence band absorption (IVBA) is believed to play a significant part in 
the temperature dependency of the threshold current of long wavelength lasers [22-25]. 
In it, emitted radiation is re-absorbed by the excitation of an electron from the spin- 
split off band to an empty state in the heavy hole band, as in Fig. 2.4. The mechanism 
takes place at k values where the energy difference between the spin orbit and heavy 
hole bands is equal to the energy of the emitted radiation. As the bandgap is increased 
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(by changing composition, increasing pressure, decreasing temperature) any IVBA 
must occur at higher k values. It is for this reason that IVBA is of little concern for 
short wavelength lasers where the mechanism would require significant heavy hole 
populations at large k values, which is an unlikely situation. 
m Band 
ivy Hole 
[ole 
Fig. 2.4. The mechanism of intervalence band absorption. Here a photon is absorbed within the 
valence band and induces the transition of an electron from the spin-split-off band to the heavy 
hole band. Because the absorbed photon has an energy approximately equal to the direct bandgap, 
Ej, and Ex is greater than the spin-split-off to heavy hole energy separation at the zone centre, 
these transitions must take place at high k values. 
Since NBA is decreased by the application of hydrostatic pressure, it manifests this 
reduction by an increase in differential quantum efficiency [19-21]. If NBA 
dominates the active region optical loss then the differential quantum efficiency for 
a laser with optical confinement factor F and length L is given by [22] : 
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((1/2L)In(1/R, RZ)) 
ýD _ ýý X rafib, +(1-r ai+((1/2L)ln(1/R1R2)) 
(2.8) 
where UA and a; are the active region NBA loss and the non active region loss 
respectively, Rl and R2 are the facet reflectivities and 11, is the internal quantum 
efficiency. Ring [22] uses an NBA coefficient of l00cni' (for a hole density of 
1018cm ) to fit changes of TID with pressure for an unstrained InGaAs MQW structure 
and finds that this gives an increase in riD of approximately 4%/kbar, although his 
measured increases are greater (about 8 +/- 2 %/kbar ). These differences in measured 
and fitted changes to TID as a function of pressure were attributed to gain saturation 
effects [22]. Since NBA should only be significant in long wavelength lasers we 
have made comparisons of measured absorption coefficients (by plotting ? k, as a 
function of mirror losses [26]) at different wavelengths , published since 
1980. For 
quantum well devices there is no significant trend with wavelength (fig 2.5) which 
suggests that NBA it is not an important loss mechanism. However, the measured 
absorption coefficient would only be expected to show significant a,,,, contributions 
for lasers with large values of optical confinement, ie those with bulk active regions. 
Measurements of absorption loss on bulk 1.5µm devices is rarely reported, however 
the two shown in Fig. 2.5 have absorption coefficients of greater than 40cni' which 
does not contradict the idea of NBA. Further comparisons of bulk 1.5µm lasers are 
needed to complete this study. If present, IVBA will increase the threshold gain 
(which is the sum of the active region losses) and therefore the threshold carrier 
' density, n. ,. Thus it may also increase the amount of Auger recombination, 
Cns [25]. 
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Fig. 2.5. Measured absorption coefficients of diode lasers plotted against operating wavelength. 
Symbols in full correspond to devices with strained quantum well active regions, open symbols 
are untrained quantum wells . Bulk devices (active region 0.1µm wide) are represented by 
asterisks. 
2.6 Strain 
The effect of strain on the electronic structure of a semiconductor is illustrated 
in Fig. 2.6 [27]. Here we see that compressive strain increases the average direct 
bandgap and decreases the in-plane heavy hole mass whilst the mass remains heavy 
perpendicular to the plane. The opposite effect occurs for tensile strain, here the mass 
is light perpendicular to the growth direction and heavy in the plane whilst the mean 
bandgap is reduced. It is the hydrostatic component of the strain which changes the 
14 
bandgap, the axial component splits the degeneracy of the valance band maximum 
(and conduction band X minima as we will show in chpt. 6) [27]. 
InxGai-x As/ InP 
i MA it kr )-Y x ggAgg "s =' 
41 
sý 
t=g 
ti . 
Compression No strain Tension 
x>0.53 x=0.53 x<0.53 
Strain induced bandstructure modification 
Ei Ei El 
Fig. 2.6. Effect of strain on electronic structure of semiconductors. Figure taken from Ref. [27] 
Such changes in bandgap do not include the effect of compositional changes 
necessary to form a strained layer on a particular substrate and, as we see in chapter 
6, compressively strained GaInP has a smaller bandgap than the tensile strained layers. 
Strain is incorporated into a semiconductor by the growth of an epilayer mis-matched 
to the substrate, the growth remains dislocation free up to a critical thickness which 
is inversely proportional to the amount of strain. The deliberate incorporation of strain 
into the active region of quantum well lasers was first proposed by Adams [28] and 
Yablonovitch and Kane [29]. The initial predicted benefit was of a reduced threshold 
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Compression No strain Tension 
current due to a smaller valence band mass, which would allow the separation of the 
quasi-Fermi levels to occur at much lower carrier densities. Adams further suggested 
that Auger and IVBA would be reduced, additionally decreasing threshold current 
density and, since Auger and IVBA were suspected to be the dominant cause of the 
temperature sensitivity of long wavelength lasers, also increasing To. These predictions 
were duly proved correct for the case of compressively strained quantum well lasers 
[30-32] and were also found to be true also for tensile strained lasers [30]. 
Furthermore, calculations have shown that strained lasers should have a 
reduced linewidth enhancement factor and an increased relaxation oscillation 
frequency [33]. These improvements stem from the increased differential gain of 
strained lasers and lead to enhanced dynamic characteristics which enable such lasers 
to operate at much higher bandwidths [30]. 
2.7 The Effect Of Pressure On Strained Layers 
The pressure coefficients of strained layers are expected to decrease with 
respect to the unstrained alloy layer [34]. This is mainly due to the compositional 
change which increases the bulk modulus, and this effect is compensated slightly by 
the influence of the axial strain. However these effects do not explain the measured 
pressure coefficients of Wilkinson et al [34], who find that the pressure coefficients 
of strained InxGal. =As quantum wells grown on 
GaAs vary according to 10.7 - 6. Ox 
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meV/kbar, contrary to a predicted variation of 10.7 - 1.7x meV/kbar. In chapters 4 and 
6 we find that pressure coefficients derived from monitoring the decrease in lasing 
wavelength give lower values than expected. This is by no means a comprehensive 
study yet may be considered to support the findings of Wilkinson et al [34). 
2.8 Suaerlattices 
The transition from a Multiple Quantum Well (MQW) structure to a 
superlattice (SL) may be defined in terms of the penetration of the electronic wave 
functions. The MQW has wide barrier regions and therefore isolated quantum wells 
whereas the SL has thin barrier regions and thus the wavefunctions of the lowest 
states overlap with those of adjacent wells. The finite overlap of wavefunctions in a 
superlattice allows an electron to move from one well to another by the creation of 
'minibands' in the direction of growth. Minibands arise from the increased periodicity 
of the crystal lattice which results in a decrease in periodicity in k-space and thus a 
decrease in the extent of the Brillouin zone. For a GaAs/AlAs superlattice consisting 
of 2 monolayers of each, ie (GaAs)2(AIAs)2, the real space periodicity has been 
increased from 1 monolayer (the bulk lattice constant, a) to 4 monolayers (the 
separation, d, between the midpoints of adjacent GaAs wells). The edge of the 
first 
Brillouin zone is now at tr/d and, in the same fashion as for the general crystal, 
miniband gaps are formed at the zone edge. As a consequence of this new periodicity 
the original extent of the Brillouin zone becomes 'folded' into the superlattice 
minibands [35]. 
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2.9 Mode! Solid Theory of Van de Walle and Martin 
In Chapter 6 we use the model solid theory of Van de Walle and Martin [5] 
to calculate the effect of strain on the bandgap of GaInP. Van de Walle and Martin 
use their model solid theory to generate accurate valance band energy levels and then 
to align these levels on an absolute energy scale, ie relative to the vacuum level. Thus 
band line-ups are predicted simply by subtracting values for individual 
semiconductors. Since bandgaps are not well predicted by the density-functional theory 
used to calculate the band structure, they use the calculated valence band position and 
then add experimental bandgaps to obtain the conduction band positions. These values 
are listed in [5] along with, calculated, values of deformation potentials for several III- 
V, IV and II-VI semiconductors (to an accuracy of +/- leV). The valence band is 
treated as an average energy to which the effects of strain will lead to shifts and 
splittings between the bands; the amount of strain is calculated from the constituent 
lattice constants and elastic constants, also given in [5]. Alloys are dealt with by 
linear interpolation between the constituent binaries with the inclusion of a strain 
component to account for the difference in lattice constants between the pure 
materials. 
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2.10 The Transfer Matrix Method 
In Chapter 5 we use the transfer matrix [36-38] method to model the structure 
of a (GaAs)(AIAs) superlattice as a collection of n constant potential intervals. The 
amplitude of the wave functions on either side of a step potential are determined 
through the continuity of the wave function and its derivative. Then the transfer 
matrix is used to calculate the amplitude of the forward propagating wave in the nth 
region of a potential profile and the ratio of the two amplitudes leads to the 
transmission probability through the structure. In a simple double barrier structure (two 
barriers separated by one well) it is possible to get constructive interference between 
the two wavefunctions coexisting in the well and a particle can then travel through the 
double barrier structure without attenuation, giving rise to 'resonant tunnelling'. The 
superlattice miniband levels are equated to the resulting resonant levels. 
2.11 Laser Diode Equations 
The condition for lasing threshold is met when the gain, g(hv), in the active 
region overcomes the optical losses in the cavity. The peak gain, g,,, determines the 
lasing energy, FL i,,,, and may be calculated numerically. The threshold gain, g, 1, (cm 
1), is the gain required to overcome the optical losses and is given as: 
gth -a+ 
(1 -r)aexr+ 1 In 1 
rr 2L R, R2 
(2.9) 
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where a,,, a x, (cm') are the optical 
losses inside the active region and external to the 
active region respectively. The optical confinement factor, r"( < 1), accounts for the 
proportion of the confined electromagnetic wave which is actually in the active 
region. The final term expresses the mirror losses for the end reflectivities R1, R2 and 
a cavity length L (cm). 
2.12 The effect of pressure on laser diodes 
The pressure induced increase in the direct bandgap can have significant effects 
on the performance of lasers operated under high pressure, such as the removal of 
Auger and NBA. Reductions in these mechanisms occur not only because of their 
inherent bandgap dependencies but also due to changes in optical confinement factor, 
and its effect on the threshold gain as can be seen from eqn. 2.9. In Fig. 2.7. we 
show the effect of pressure on the optical confinement factor for several of the lasers 
which will be discussed in chapters 4-7. The optical confinement factor, IT, is 
calculated using the approximations of Botez[39-40] for bulk devices and for the 
quantum well lasers we have included the effective index approximation of Streifer 
et al [41]. Since information on the pressure dependence of refractive indices 
is 
limited, we have used the method of Adachi [42] to calculate the refractive index as 
a function of pressure for the InGaAsP devices (with pressure changes included by 
an increase in the direct band gap). It should be noted that the change in IT with 
pressure modelled here is mainly due to changes in operating wavelength and only 
minor variations are obtained by including changes in refractive indices. 
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The shift in the lasing wavelength and refractive index with pressure will also alter 
the mirror losses (given by ln(1/(R1R) in eqn 2.9). However, the logarithmic 
dependency of the mirror loss on the reflectivities, Rl and R2, (given that changes in 
refractive indices are negligible) ensures that this term decreases by less than 1% over 
l5kbar. 
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Fig 2.7 Calculated effect of pressure on the optical confinement factor for some of the devices 
measured in this work. The dashed line for the tensile strained device shows the effect of excluding 
calculated refractive index changes with pressure. 
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Chapter 3 
Experimental Techniques 
3.1 Introduction 
It is by changing the environmental conditions of a semiconductor laser and 
measuring its response that we may ascertain its physical nature. Two readily 
controllable external parameters are those of temperature and pressure, both of which 
affect the band structure and loss mechanisms of semiconductor lasers. The essential 
signature of a laser diode is the fight vs current (L-I) curve. From this we may find 
the threshold current and quantum differential efficiency. A change in the L-I curve 
with temperature or pressure tells us much about the internal processes characterising 
the device. 
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In this chapter we shall be discussing the methods employed to control 
pressure and temperature and some of the additional experimental requirements. 
3.2 Measurement Of Light-Current Curves 
Ytglen PC 286 
Tektronix Storage Scope 
ILX Laser Driver 
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--ý- Temperature 
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Fig. 3.1 The Light-Current (L-I) PC based measuring system. 
Detector 
The basic measurement of the L-I curve is complicated by the need to operate 
the lasers with a pulsed current or voltage source. This results from operating the laser 
Optical Fibre 
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diodes without adequate heat-sinking. In this work 2µs pulses were used at a 
frequency of 230Hz (except chapter 5 where 0.5µs pulses were used at 1kHz. The 
230Hz frequency was later chosen to match the time constant of the cooled germanium 
detector used for some of the spectral measurements). We have modelled the effect 
of Joule heating and cooling (through a thermal resistance of 90'C/W [1]) and show 
the expected temperature rise for three extremes of device operation in Fig. 3.2. As 
can be seen temperature rises are limited to less than 0.5'C. Recent work by Reeves 
et al [2] suggests that the active region temperature rises by about 2'C in the first 1µs 
of a 10µs pulse operating at a 10% duty cycle (however they do not give a value of 
the operating current). 
22.50 
22.40 
r-. 
C) 22.30 s.. 
Cd b 
22.20 
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22.10 
230Hz, 21is, 500mA, 71tm ridge 
1kHz, 0.5µs, 1A, 50µm stripe 
2µs, 100mA, 7µm ridge 
22.00 
'I 
0.0 0.1 0.2 
Time (secs) 
Fig. 3.2 The expected rise in temperature of the laser diode operated in pulsed mode. The pulse 
frequency, pulse length, maximum operating current and device active region width are shown for 
each curve. The current chosen for each curve is the maximum encountered value for each device 
structure studied in this thesis. Device length was taken as 500; Un. - 
230Hz, 2µs, 1A, 50µm stripe 
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From the work in this thesis we have found that threshold currents may change by 
up to 60% over 15kbar (increase or decrease) and estimate, from Ref. [2], that if there 
are any changes in temperature they are likely to be less than 2°C. A change in 
temperature ( from Tl to T2) of 2'C will affect the threshold current according to the 
T, relationship: 
I, h(at T2) = 1. (at T1) exp{(T2 - Tl)1To} (3.1) 
With a To of 60K (a. low value) the resulting change in threshold current will only 
be about 3% over 2'C . From this discussion it seems that there is some scope to 
increase the pulse length without significant errors due to heating being incurred. 
Recent work [3] has shown that increased pulse lengths increase the signal to noise 
ratio which is particulary important for pulsed I-V characteristics (not covered in this 
thesis). Further work would therefore be appropriate to find an optimum pulse length 
for a particular device with its range of operating current. 
For accurate analysis of the spontaneous emission a large number of measurements 
are required to form the L-I curve, consequently we have developed a fully automated 
PC based L-I measuring system, shown schematically in Fig. 3.1. In this system the 
laser is driven by an ILX pulsed laser current source which is controlled via an IEEE 
interface. A current source is preferable to a voltage source since a laser diode is 
essentially a current dependent device. The floating output is used to avoid capacitive 
coupling between the current supply, circuit ground and earth ground which otherwise 
will degrade the pulse [4]. 
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The software has been written in Turbo C++ and allows the pulse width, frequency 
and magnitude to be controlled remotely. The light output is monitored by a silicon 
or germanium photodiode, with built in amplification [5], which feeds into a box car 
averager. The input to the box car is gated towards the tail end of the light pulse 
where it suffers least distortion and the DC output of the boxcar is fed into channel 
2 of the oscilloscope. The oscilloscope is a Tektronix 100MHz digital storage scope 
also with IEEE interface. The current may be measured by a Tektronix current probe 
or, whilst using the ILX current source, it is possible to set the current from the 
control program and use this value. The L-I curve is acquired automatically and may 
be shown along with a van - Opdorp - t'Hooft analysis of the data [6] 
3.3 The Application Of High Pressure 
3.3.1 15kbar Piston and Cylinder System 
This system, shown schematically in Fig. 3.3, is able to achieve pressures of 
up to l5kbar [7-9]. The top piston is forced into the cylinder, which is filled with a 
pressure transmitting fluid, in this case a 1: 1 mixture of amyl alcohol and castor oil, 
by means of a hydraulic ram. High pressures are sustained by means of a double 
cylinder construction whereby the inner cylinder is under stress from the outer 
cylinder at atmospheric pressure. This extends the pressure range above that obtainable 
with a single cylinder [10]. The pistons are made from hardened tool steel and 
have 
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electrical feed-throughs which enable control and measurement of the internal 
conditions. The top piston also has an optical fibre feed-through which allows the light 
output of the laser to be measured externally. 
cc 
Housing Stub 
er Mount 
Inner q 
Omer cy 
Laser Diode 
Pressure Cylinder 
Fig. 3.3 The l5kbar piston-cylinder system. Pressures up to l5kbar are obtained using a double 
cylinder arrangement, whereby the outer cylinder exerts a force on the inner cylinder. 
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Pressure, P, is measured by monitoring the change in resistance of a manganin 
wire [11] which behaves according to: 
i (R 
P( T) = 
R° 
(3i) 
2x10-3 
where R,, is the resistance at pressure Pkbar and Rd is the resistance at atmospheric 
pressure. Errors are reduced by having a reasonably large manganin resistance, 
typically around 118 ohms, and can range from 15% at lkbar down to 1% at l5kbar 
due to the above logarithmic expression. The pressure fluid is sealed by a combination 
of a neoprene 'o'-ring and a phosphor-bronze seal with a triangular cross section, both 
working on the Bridgeman unsupported area principle. The laser diode is mounted in 
a copper clip and is positioned so that its output is collected by the optical fibre. 
3.3.2 8kbar Cu-Be Piston and Cylinder System 
A portable high pressure piston-cylinder system, made from an alloy of Cu-Be. 
was developed by Lambkin et al [12,131 and is illustrated in Fig. 3.4. Pressure is 
applied by forcing pentane, by means of a hydraulic pump and intensifier system, into 
the capillary and then into the inner cylinder. Electrical connections are sealed away 
from the cylinder and optical access is obtained through a sapphire window in the 
lower piston: the sapphire window is transparent over the wavelength range from 
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0.49m to 2µm [14]. The system is sealed in the same fashion as the l5kbar system, 
using a nylon seal and rubber 'Wring. 
Outer Cylinder 
3ottom Piston 
----------------- 
Pentane 
Backing Plate 
Sapphire window Laser Current Supply 
Nylon Seal, O-ring 
Fig 3.4. The 8kbar high pressure cell. 
This system has two main advantages over the 15kbar system. Firstly, it is able 
to fit inside a standard Oxford Instruments cryostat and therefore pressure 
measurements as a function of temperature are possible. In this case light is extracted 
by using a prism on the base of the pressure cell to reflect light out of the cryostat 
side window which is then focused onto a photodetector. One of the difficulties in 
measuring the light is that the pentane pressure fluid becomes opaque as it freezes, 
which occurs at around 150K at 4kbar, putting a lower limit on the temperature at 
which I-I curves can be measured. This problem was not found by Lambkin [ 12,13], 
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but his samples rested on the window itself [15] whereas for the laser measurements 
the width of pentane between the laser and the window is around 0.5mm which 
provides significantly more scattering. 
The second advantage of this system is the absence of any moving parts 
ensures greater confidence in measurements of relative differential quantum efficiency 
changes. The wide diameter of the sapphire window, 2mm, is such that any changes 
in the far field pattern of the laser are less important than when light is collected by 
an optical fibre. 
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Chapter 4 
Tensile Strained Long Wavelength Lasers 
4.1 Introduction 
The benefits of strained layer active regions were initially thought only to 
occur for the case of compressively strained layers, although Eliseev et al [1,2] and 
Thijs et al [3] were the first to report significant enhancements in performance using 
tensile strained active regions. Thijs [3] demonstrated 1.6% tensile strained Ino. 3Gao. 7As 
quantum well lasers showing TM mode gain, a record low linewidth enhancement 
factor of 1.5 and a record highest operating temperature of 140C. 
The good performance of tensile strained lasers was not anticipated due to the 
predicted large mass of the light hole band in the plane of the well [4,5]. Nevertheless 
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Thijs et al [6] discovered that such lasers had threshold currents, and other 
characteristics, comparable to compressively strained lasers, as shown in Fig 4.1. 
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Fig. 4.1. Threshold current density as a function of strain for 1.5 - 1.55}un wavelength lasers [61. 
Jm for an infinite length is obtained by extrapolation of Jm versus I/L plots. 
It is now believed that the enhanced performance of tensile strained lasers is 
due to the suppression of unproductive spontaneous emission and a decrease in the 
valence band effective mass compared with the unstrained case. O'Reilly et al [7-9] 
have shown that when the proportion of gain producing transitions are compared 
between strained and unstrained active regions, contributions to TM mode gain for the 
tensile case are greater than the contributions to TE gain for the compressive case 
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which, in turn, are greater than those for the unstrained bulk case. 
In this chapter we have examined 1.6% tensile strained lasers (grown by P. 
Thijs at Philips Optoelectronics centre, Eindhoven) in order to further understand their 
unexpected, but impressive performance. We have used a combination of high pressure 
and temperature variations in order to assess the effect of pressure and temperature 
dependent loss mechanisms such as Auger and Inter-Valence Band Absorption 
(NBA). 
4.2 Device Details 
In this chapter we are concerned with devices operating at a wavelength of 
1.5µm. The majority of measurements have been carried out on 1.6% tensile strained 
quantum well devices with either one or four quantum wells. We have also measured 
a 1.8% compressively strained quantum well device, a 1.2% tensile strained quantum 
well device and an unstrained bulk (0.2µm wide active region) laser device to enable 
some simple comparisons to be made. 
4.2.1 1.6% Tensile Strained Devices 
Figure 4.2 shows the calculated energy levels of the 1.6% tensile strained 
devices [101 which shall later be used to interpret spectral measurements. The wells 
are composed of 100-120A In0.32Gao. 6, As, resulting in 1.6% tensile strain, and are 
surrounded by 1.15µm Ino. 83Gao. 17Asa. 38Po. 62 barriers and separate confinement 
layers 
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which are not intentionally doped and lattice matched to the InP cladding regions j 11]. 
The devices have been fabricated by three step low pressure organometallic vapour 
phase epitaxy. 
InP 1.35eV 
InGaAsP 1.078eV 
Electron confinement 12meV 
E1 - LH1 = 799meV 
LH 29meV 
LH2 110meV 
HH 1 120meV \HH2 
139meV 
Fig. 4.2. The 1.6% tensile strained laser structure showing calculated [10] energy levels. 
4.2.2 1.8% Compressively strained devices 
These lasers consisted of four 30A wide 1.8% compressively strained 
Ina. 8Gao. 2As wells as the active region with 200A wide 1.3µm 
InGaAsP barriers which 
were surrounded by 400A wide 1.3µm InGaAsP separate confinement layers [3]. The 
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devices were grown by LP OMVPE and have been formed into double channel planar 
buried heterostructures. They have previously been measured by Ring [12]. 
4.2.3 1.2% Tensile strained devices 
Some measurements were performed on 509m wide oxide stripe 1.2% Tensile 
strained 10nm wide single quantum well lasers. These have the same structure and 
growth conditions as for the 1.6% tensile strained devices except a 1.2% tensile 
strained quantum well is in place of the 1.6% tensile strained quantum well [13]. 
4.2.4 Unstrained bulk devices 
Bulk heterostructure lasers emitting at 1.55µm with a 0.2}tm wide InGaAsP 
active region grown by LP-OMVPE. These have been formed into double channel 
planar buried heterostructures [13] and have been previously measured by Ring [12]. 
4.3 Results And Discussion 
4.3.1 Effect of pressure on lasing wavelength of 1.6% tensile strained 
devices 
The spectral output of these lasers has been monitored in order to look for any 
interesting features which may help to explain the laser performance under high 
pressure. In Fig 4.3 we show the shift in lasing energy with pressure, measured from 
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the facet emission of the laser, at 1.1 times the lasing threshold current. From this we 
determine a bandgap pressure coefficient of 9.6 +/- 0.5meV/kbar. We have also 
monitored an unknown feature (1205nm at atmospheric pressure) which was seen to 
move at the remarkable rate of 15.5 +1-0.5 meV/kbar. Photoluminescence 
measurements at 80K are shown in Fig. 4.4 and show a peak situated at 1080nm 
which is believed to be the Ino. 83GaO. 17Aso. 38Po. 62 barrier regions (see Fig 4.2). If we 
extrapolate this peak energy to room temperature, using a coefficient of dEB/dT = 2.6 
x 10' eVK' [14], we expect it to have shifted to around 1135nm, which is about the 
expected room temperature wavelength of the barrier regions for this composition, ie 
1.15µm. The unknown peak seen in the laser emission (1205nm, at atmospheric 
pressure and room temperature) was not seen in the PL emission. It is calculated to 
be 63meV lower in energy than the barriers at room temperature and is therefore not 
attributed to the barriers. Thijs [13] has seen similar unknown peaks whilst 
monitoring laser light output but not with PL emission and it therefore seems possible 
that these features are related to electrostatically induced changes in the potential 
profile of the structure [15]. We have compared these results with those of high 
pressure PL measurements (on a sample off the same wafer) carried out in a diamond 
anvil cell [16]. The pressure coefficient of the well is measured to be 9.6meV/kbar 
and that of the barrier is 9.8meV/kbar, both measured against ruby. The well pressure 
coefficient closely agrees with that measured by following the lasing peak position 
with pressure (the barrier emission was not seen from the laser emission). Differences 
between a PL determined and a lasing peak determined pressure coefficient may be 
due to bandgap renormalisation. Using the expression of Blood et al [17] for bandgap 
renormalisation : 
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AEg = bgx10"$ n-0"34 eV (4.0) 
where the change in bandgap, AE,,, is given by the adjustable parameter bg (of the 
order of unity) and the carrier density n. From eqn. 4.0 with b& as 1.8 [17] an increase 
in carrier density of about 1x10" cm' /kbar is required to decrease the pressure 
coefficient of the direct bandgap by around 1meV/kbar; the latter being about the 
minimum detectable difference between the pressure coefficients measured by PL and 
lasing wavelength. Thus any changes in carrier density with pressure in the active 
region are likely to be less than 1x1017 cm 3 /kbar. 
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Fig. 4.3. The effect of pressure on the energy of lasing transition (closed triangles). From this, the 
pressure coefficient of the direct bandgap is found to be 9.6meV/lcbar. Also shown (open triangles) 
is a peak, of unknown origin, which moved at the unprecedented rate of 15SmeVikbar. 
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Fig. 4.4 Low temperature PL (80K) spectra of the 1.6% tensile strained device showing the barrier 
emission at 1080nm. 
4.3.2 Effect of pressure on threshold current 
The effect of pressure on threshold current is shown in Fig. 4.5 for several 
types of laser device. They all show a decrease in 4 with pressure. Such behaviour 
has been attributed to the removal of the pressure dependent loss mechanisms of 
Auger recombination and intervalence band absorption (IVBA) [12,18-20]. A distinct 
difference is seen in the rate of change of I, b with pressure between the devices which 
may be approximated as a linear decrease up to 6kbar. Over the first 6kbar the 
threshold current of the unstrained quantum well laser, from Ring et al [12], decreases 
at approximately 5%/kbar, in comparison with the 1.8% compressively strained device 
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[12] which decreases at 3%/kbar. Ih for the tensile strained laser decreases at 4%/kbar 
for the 4QW and 6%/kbar for the SQW. 
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Fig 45. The effect of pressure on threshold current for several long wavelength semiconductor 
lasers. Comparisons with previous work (closed diamonds and closed triangles) [121 are only 
available up to 6kbar. For all the devices, threshold current decreases with increasing Pressure. The 
tensile strained SQW decreases at a quicker rate than the 4QW. 
The measurements of Ring [12] were repeated for a 1.8% compressively 
strained structure (different device) and whereas he found I,, to decrease at around 
3%/kbar, in this work we have found the rate of decrease to be about 6%/kbar. In 
section 4.4 we argue that such differences between similar devices are due to the 
effect of pressure on the gain curve and the initial threshold gain. 
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4.3.3 Effect of pressure on differential quantum efficiency 
The relative change of differential quantum efficiency, rlD, with pressure is 
shown for the 1.6% tensile strained 4QW device in Fig. 4.6. For comparison, the 
behaviour of the compressively strained and unstrained quantum wells of Ring et al 
[12] is also shown. 
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Fig. 4.6. The pressure dependency of TI, for three devices. The efficiency of the bulk device is seen 
to increase with pressure in accordance with the removal of IVBA. 71, for both strained devices 
remains relatively unchanged with pressure indicating that IVBA has already been removed by the 
in-built strain. 
The increase in 'q for the unstrained laser is attributed to the removal of NBA, since, 
as the photon energy is increased by pressure, any IVBA must occur further away 
from the centre of the Brillouin zone where there are fewer holes and, therefore, the 
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loss process is reduced. It is therefore particularly significant to note that in both the 
compressively and tensile strained lasers there is no such increase in tlD. This can be 
explained if we assume that the in-built strain has already removed IVBA in both 
types of strained laser so that any additional hydrostatic pressure is ineffective on this 
loss mechanism. 
4.3.4 Effect of temperature on threshold current 
The decrease of threshold current with pressure for the devices shown in Fig. 
4.5 leads us to believe that Auger recombination is still of consequence in both 
compressively and tensile strained laser devices. 
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Fig. 4.7. The temperature dependency of threshold current for 1.6% tensile strained single quantum 
well and 4 quantum well lasers. The SQWs are more temperature sensitive above 
250K. 
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We have measured the temperature dependence of threshold current for the tensile 
strained lasers, as illustrated in Fig. 4.7, and find that the SQW devices are more 
temperature sensitive than the 4QW devices. This has been observed previously [3] 
and has been attributed to the increased amount of Auger in the SQW as a 
consequence of its higher threshold gain and therefore higher carrier density [21]. 
However to the best of the author's knowledge there have not been any calculations 
to support this theory. 
4.3.5 Effect of temperature and pressure on threshold current 
In Fig. 4.8 we illustrate the effect of pressure on the threshold current for the 
1.6% tensile strained lasers at two different temperatures. Quite clearly there has been 
no discernable change in the rate of decrease of I, b with pressure at the two 
temperatures. The difference in device length is not expected to effect the rate of 
change (which will be discussed later) although further work would be useful in 
confirming this. Ring [20] has performed a similar experiment on bulk unstrained 
lasers and finds changes in the rate of decrease of L with pressure (from 5%/kbar at 
293K to 4%/kbar at 250K) which can be modelled by temperature induced decreases 
of IVBA and Auger recombination. 
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Fig. 4.8. Threshold current as a function of pressure at two different temperatures. The device 
measured at 215K (open squares) is 500µm long whereas the device measured at 293K (closed 
triangles) is 1000µm long. 
4.3.6 Effect of pressure on T. 
To further investigate the apparent temperature insensitivity of L as a function 
of pressure, we have measured the pressure dependence of To. Figure 4.9 demonstrates 
the effect of pressure on the temperature sensitivity of threshold for a bulk unstrained 
device and a 1.6% tensile strained laser. The unstrained device clearly shows a 
decreased temperature sensitivity at a higher pressure. This can be explained by 
considering that for this device we have removed some of the influence of Auger 
recombination and IVBA by the application of pressure which, in turn, has reduced 
the temperature sensitivity of the laser. A different behaviour is seen for the tensile 
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strained laser, here the temperature dependence of L, remains approximately constant 
at the two pressures. 
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Fig. 4.9. Temperature sensitivity as a function of pressure for untrained and tensile strained lasers. 
For the bulk laser the effect of pressure is to reduce losses and therefore decrease the temperature 
sensitivity. The T. of the 1.6% tensile strained laser remains relatively constant. The tensile strained lasers 
consisted of 4 quantum wells. Both tensile and bulk lasers were 500µm long. 
4.3.7 Effect of pressure on 1.2% tensile strained laser. 
For a lOnm quantum well laser at values of tensile strain lower than 1.6% we 
might expect that the light hole band is less distinctly separated from the heavy hole 
band resulting in a much larger valence band density of states. We have performed 
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measurements of the threshold current of 1.2% tensile strained lasers as a function of 
pressure, as shown in Fig. 4.10. Here we see that there is a dramatic reduction in 
threshold current, which gives evidence of Auger recombination. A fit to the 
measurements of the relative change of differential efficiency with pressure gave a 
constant line (+/- 60%) and because of the large scattering were therefore 
inconclusive as to whether IVBA was present. 
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Fig. 4.10 The effect of pressure on the threshold current of a 1.2% tensile strained 
10nm wide 
quantum well laser. For comparison the 1.6% tensile strained laser of Fig. 4.5 is shown. 
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4.4 Discussion 
In section 2.12 we discussed the effect of pressure on optical confinement 
factor, r, and found that this decreases with increasing pressure, due mainly to the 
decrease in wavelength. To assess the impact that a changing optical confinement has 
on the threshold current density we must first examine the change in optical gain. The 
nominal threshold gain, gam, of a semiconductor laser may be approximated as: 
(x +1 In 
1 
M gR 
9th 
r2 
where the absorption loss is represented by a cm', L is the cavity length in cm and 
R1, R2 are the facet reflectivities. Thijs [13] has measured the differential quantum 
efficiency as a function of inverse cavity length and found the internal quantum 
efficiency to be 88% and the internal absorption losses to be 13.2cm"' for a 4QW 
SIPBH. These values change to give an internal efficiency of 73% and an absorption 
loss of 8.8cm"1 for a SQW 50µm stripe defined laser. The optical confinement factor 
has been calculated as 0.015 for the SQW and 0.083 for the 4QW using the method 
discussed in section 2.12. The facet reflectivities are 98% for the high reflectivity 
coated facet [13] and 54% for the SQW and 55% for the 4QW calculated for normal 
incidence and using the effective index approximation (see section 2.12). 
The gain-current density relation has been calculated by Ghiti [22] for this 
laser structure using the density matrix formalism, as shown in Fig. 4.11. 
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Fig 4.11. Calculated peak gain as a function of current density using the density matrix formalism. 
From this we find that the radiative component of the threshold current density should 
be as little as 51Acm-2. However, the measured current density is 632Acm 2; over 10 
times this value. If we assume that the non-radiative current component is entirely due 
to Auger recombination and equate this to gdCn' (where q is the electronic charge, d 
is the active region width and n, the carrier density) we find a value for C of 7.6 x 
192"cm's"t. To assess the effect of changing pressure on threshold current density we 
have estimated the change on the gain - carrier density curve. Using the expressions 
of Ghiti et al [8] : 
Gmu = G0(1 - exp(-n/n, ) - exp(-n/n)) (4.2) 
with Go = (TEgµ'm, )/(EocrJh'LZ) (4.3) 
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and nr., = (m,.,, kT)/( -Z) = P,. T (4.4) 
where m, ,,, 
is the conduction or valence band mass, LZ i the well width, nis the 2D 
carrier density, p, is the 2D density of states, E. is the bandgap, tl is the refractive 
index, g is the dipole moment for a given polarisation and e is the permittivity in a 
vacuum. From these expressions we find that the differential gain, dGmu/dn is 
proportional to Go and thus E. and r. The carrier density, n, is proportional to the 
effective mass through the density of states expression and is thus also proportional 
to Eg [23]. Hence we see that pressure increases the transparency carrier density and 
the differential gain, as seen in Fig. 4.12. The threshold gain for the SQW and 4QW 
is also shown in Fig. 4.12 and illustrates that there are two distinct regimes for 
explaining the behaviour of I, b with pressure. For the case of the SQW an increase of 
10kbar does not change the threshold carrier density, n.,,, whereas for the 4QW the 
same increase in pressure yields an increase in n,,,. Since we also expect the Auger 
coefficient C to decrease with pressure [12,18-20] then we may have found an 
explanation for the difference in lffi(pressure) between the SQW and 4QW. The 
increases in n, ti for the different lengths of 4QW device over 10kbar are 8% and 
9% 
for the 500µm and 1000µm long devices respectively, thus device length is not 
expected to significantly change the rate of decrease of threshold current with 
pressure. 
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Fig. 4.12 The change of gain(carrier density) with pressure illustrating the importance of the value 
of the threshold gain in determining the pressure dependence of 1 
The difference in Iý as a function of pressure for the 1.8% compressively strained 
device we have measured in comparison with the same structure measured by Ring 
[20] could be due to differences in threshold gain (assuming that the threshold gain 
for the device measured in this work was much greater than that of Ring's, perhaps 
due to facet damage) although since Ring has not published values of threshold 
current this supposition remains unconfumed. Returning to the 1.6% tensile strained 
devices we propose that because the threshold gain for the SQW is close to the cross- 
over point of the two gain curves, ie % is approximately constant with pressure, the 
pressure dependency of L1, for the SQW is mainly a measurement of the pressure 
dependency of C while the pressure dependency of the 4QW is a measure of the 
decrease in C and increase in %. 
5 long device 
-- --L------------ 1000µm long device 
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4.5 Summary, and Conclusions 
4.5.1 Intervalence band absorption in 1.6% tensile strained lasers 
The relative insensitivity of the quantum differential efficiency to pressure 
indicates that, at room temperature, the effects of intervalence band absorption are 
negligible. 
4.5.2 Auger recombination in 1.6% tensile strained lasers 
From Ghiti's calculations [22] of gain vs threshold current density we know 
that the radiative component of the current density is the minor contribution to the 
measured threshold current density. We have shown that there is a decrease in L1 with 
pressure that could be explained by either a change in the Auger coefficient, C, or by 
a change in C and carrier density, n. 
The contribution of band-to-band Auger processes is dependent, among other 
things, upon the activation energy, E., discussed in chapter 2. For compressively 
strained structures the decrease in the in-plane hole mass, to around 0.15mo, causes 
EA to increase and therefore the Auger rate, proportional to exp(-EA/kT), decreases 
[12]. Krijn et al have performed calculations on 1.5% tensile strained, 160A wide 
wells and find that the approximate uppermost valence band. effective mass is 0.2n0, 
compared with 0.7mo for the bulk case [24]. However Ghiti has calculated that a 1.6% 
tensile strained 110A wide well should have an upper valence band effective mass of 
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around 0.5mo [22]. The latter values predict that the activation energy would not be 
greatly reduced from the bulk case, and similarly the contribution of Auger. The low 
threshold current densities obtained in tensile strained compared to compressively 
strained devices may solely be due to the suppression of spontaneous emission as 
predicted by O'Reilly [7] (which reduces threshold carrier density and thus the 
contribution of Auger). 
However we have further shown that the temperature sensitivity of 1.6% tensile 
strained lasers is insensitive to pressure. Such behaviour could be explained if the 
dominant Auger processes were phonon assisted rather than band-to-band processes, 
the temperature dependence of the former being controlled by the phonon population 
rather than the inherent temperature sensitivity of the latter. Fuchs et al [25] have 
recently determined Auger coefficients in compressively strained and unstrained MQW 
lasers and find the coefficients only weakly temperature dependent which also 
indicates the dominance of phonon assisted Auger. It should also be noted that 
phonon-assisted Auger processes might be expected to decrease with pressure as they 
too have a bandgap dependency. 
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Chapter 5 
GaAs Quantum Well Laser With Superlattice Barriers 
5.1 Introduction 
High power, short wavelength lasers are essential for the development of 
erasable optical data storage. Low power (5mW) GaAs lasers are used extensively to 
read data stored on compact discs (CDROM), however much greater power, around 
50mW, is required to record information. In this chapter we examine quantum well 
lasers which have been developed for such high power applications. 
Quantum well lasers have been found to display improved operating 
characteristics when grown with superlattice prelayers, barriers and cladding regions 
[1,2]. There has been no conclusive evidence to establish the exact microscopic cause 
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of this improvement; earlier workers [3,4] have suggested impurity trapping, 
prevention of propagation of extended defects into the active region and also strain 
relief of the AlGaAs/GaAs lattice mismatch. It has been shown [1] that by the 
incorporation of various prelayers beneath GaAs/AIGaAs heterostructures that the 
interface recombination velocity can be substantially reduced. The recombination 
velocities were found to be strongly influenced by prelayers even when up to loooA 
from the first AIGaAs/GaAs interface. It is likely that part of the enhanced laser 
performance is related to the reduction of nonradiative recombination at the 
semiconductor interfaces. Blood et al have shown [2] enhanced quantum well laser 
performance when the barriers are made with all binary, short period AlAs/GaAs 
barrier and cladding regions and attributed this to low optical scattering and a 
greater internal quantum efficiency. 
As discussed above the use of superlattices in the barrier regions has now 
become widespread [5,6], however the superlattice cannot be seen as the exact 
replacement for an alloy layer of the same composition average. In particular it has 
been shown that the effective bandgap of AlAs/GaAs superlattices differs radically 
from alloys of the same average composition [7]. For example the 50% alloy 
(Ala. sGao. 5As) has an indirect bandgap of about 2.08eV at room temperature whereas 
superlattices with (AlAs)e(GaAs). layers (where n is an integer number of 
monolayers) have been measured with indirect gaps from 2.05eV (with n=2) down 
to 1.78eV (n=16), also at room temperature. Also the electrical conduction mechanism 
in a superlattice differs from that of a bulk alloy and depends markedly on the 
superlattice barrier thickness. Thin barrier regions allow the formation of 
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conducting minibands due to the overlap of evanescent wavefunctions and carriers 
are free to tunnel between the wells. As the barrier thickness is increased the 
tunnelling current is reduced until the wells become isolated and the carriers become 
localised within them (known as a Multiple Quantum Well - MQW structure). In this 
chapter we draw attention to further differences between bulk alloys and superlattices 
which are important in the design of high power lasers. 
In search of the optimum superlattice barrier configuration for GaAs quantum 
well lasers, devices have been grown with a variety of superlattice layer 
thicknesses. Lasers with the barriers formed by 8 monolayers of GaAs and 8 
monolayers of AlAs, (AIAs)g(GaAs)g, did not achieve lasing action [8] . Devices 
with thinner layers of AlAs, (AlAs)4(GaAs),, were found to operate with low threshold 
currents. It was speculated that the devices which were inoperative were so 
because the barrier layers are type II quantum wells i. e. the lowest lying conduction 
band states are the uncoupled X states of the AlAs layers. Conversely, in the working 
devices the lowest conduction band states of the barrier region are the highly coupled 
r states of the GaAs i. e. type I. It should be noted that in structures where the 
individual layers of GaAs and AlAs are only several monolayers thick the r GaAs 
conduction band states readily form a miniband because of the low electron effective 
mass whereas the much larger effective mass AlAs X conduction band states remain 
localised in the AlAs. In order to study this effect we have applied hydrostatic 
pressure to the type I barrier devices in order to steadily transform the barriers to the 
type II band alignment. 
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5.2 Device Details 
The structures used in this investigation were grown by C. T. Foxon at Philips 
Research Laboratories (PRL), Redhill using molecular beam epitaxy in a Varian Gen 
II machine at a range of substrate temperatures from 650°C to 710°C [9]. We have 
examined devices grown at these two extremes of substrate temperature and have 
found no difference in their behaviour under hydrostatic pressure. The structure 
consisted of a 57A GaAs quantum well surrounded by 0.1511m of undoped 
superlattice which was composed of an inner, (AIAs)4(GaAs)8,0.1µm barrier region 
and an outer, (AIAs)4(GaAs)4,0.051im cladding region. The superlattice layer was 
contained within 0.45µm layers of AI . SGaa. SAs 
doped 5x 10" cm-' n or p type and 
1.001im layers of Alo. SGao. SAs doped Ix 1018 cm -3 n or p type, to form the p-n 
junction. 
Devices were fabricated with 50µm oxide stripe contacts in various lengths 
from 250µm to 1000µm and were mounted either rigidly on optically smooth 2mm 
cube copper blocks or in loose chip form inside a copper clip. A shorter pulse width 
of 500ns was used than for the (later) results of chapters 4 and 6 on the advice of P. 
Blood [10]. The optical transmission of the cell was analyzed to determine that there 
were no absorption lines in the wavelength range of interest, ie 700nm - 900nm. 
Light was extracted from the laser via a 4001im diameter optical fibre positioned close 
to the laser facet, hence efficiency measurements are only relative. 
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5.3 Results and discussion 
5.3.1 Lasing wavelength 
We have monitored the lasing wavelength as a function of pressure, as shown 
in Fig. 5.1, and from this we determine the coefficient of the direct bandgap to be 
10.7meV/kbar (+/-0.5meV). For comparison Wilkinson [11] has measured 
photoluminescence spectra, from a sample off the same wafer, as a function of 
hydrostatic pressure in a diamond anvil cell and determines the pressure coefficient 
of the direct bandgap to be 10.2 +/- 0.2meV/kbar, shown in Fig. 5.2. 
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Fig. 5.1. Pressure coefficient of the direct bandgap of a 57A GaAs quantum well laser determined by 
monitoring the shift in the lasing wavelength with pressure. 
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Since these are the same, within error, we may suppose that the effects of bandgap 
renormalisation (as described in section 4.3.1 and ref. [12]) are such that any changes 
in carrier density with pressure are likely to be less than 1x10" cm 3 /kbar. From this 
we may conclude that, in the active region, there are no changes in carrier density 
with pressure that are large enough to affect the measured pressure coefficient. 
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Fig. 5.2. High pressure photoluminescence on a 57A GaAs quantum well laser at 4K 
5.3.2 Threshold current 
The effect of pressure on the threshold current is shown in Fig. 5.3, essentially 
the same behaviour was seen regardless of laser length or style of mounting. The 
expected change of threshold current, L h, with pressure for bulk GaAs lasers is 
derived from the bandgap dependency of the spontaneous emission rate which is 
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5.0 10.0 
Pressure (kbar) 
included in expressions for threshold current density as shown by Casey and Panish 
[13]. This results in a change of threshold current density with pressure according to: 
1 d1rh 2- dEr 
I"_ dP hv. " dP 
(5.2) 
where by is the energy of the lasing emission and Er applies to the direct bandgap. 
The above expression describes an increase in the threshold current with increasing 
pressure also of about 1%/kbar. However, from section 2.12, we expect that for a 
GaAs quantum well the optical confinement will be decreasing with pressure at a rate 
of around 1%/kbar. Thus Iý would be expected to be constant with pressure, which 
is not the case as can be seen from Fig. 5.3. 
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Fig. 5.3. Effect of hydrostatic pressure on t reshold current of 500pm, 
57A GaAs quantum well 
laser. 
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After Ref. [14] we model the increase in threshold current as an excess pressure 
dependent current according to eqn. 5.3, fitting the threshold current above 5kbar. 
I1I, 
r =1+ Aexp(-OFkT) (5.3) 
where I., is the threshold current at P kbar, lokb. the threshold current at Okbar, A 
is a constant and .E 
is the activation energy of the pressure dependent loss 
mechanism. Assuming that it is the activation energy which is decreasing with 
pressure, we find its rate of decrease to be about 13 +/- 1meV/kbar. which could 
correspond to the X minima and the Fminimum approaching each other since their 
expected combined pressure coefficients are approximately 1.3 + 10.7 = 12meV/kbar. 
This relation (eqn 5.3) is shown as a dashed line in Fig. 5.3. Previous work [14,15] 
has shown similar increases in the threshold current of quantum well lasers which has 
been attributed to the loss of carriers from I' states to X and L states. Blood et al 
[14] have studied the effects of hydrostatic pressure on quantum well lasers of 
different well widths and alloy barrier heights. It was those lasers with narrow 
wells and/or low barrier heights which showed characteristics similar to those of 
Figure 5.3. 
5.3.4 Differential Efficiency 
Somewhat before this large increase in threshold current we also see a rapid 
increase in the differential quantum efficiency as shown in Fig 5.4. This is unlikely 
to be due to the removal of IVBA since IVBA is not believed to be a significant loss 
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mechanism in GaAs lasers (as the bandgap of GaAs is large, 1.42eV, compared to 
the spin-split-off energy separation, 0.34eV, which would only allow IVBA at large 
k-values). 
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Fig. 5.4. The change in the relative quantum differential efficiency and spontaneous emission, at 
0.9I, h as a function of hydrostatic pressure for a 980µ: n, 57A well GaAs laser. 
5.4 Discussion 
5.4.1 Energy levels of structure 
From tunnel resonance calculations using the transfer matrix method the 
miniband structure of the superlattice has been calculated [15], as shown in Fig. 
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5.5a. The bottom of the r' miniband is found to be only 50meV below the 
localised X states in the AlAs. Using pressure coefficients of AEr /t1P = 10.2 
meV/kbar and DE" /AP = -1.34 meV/kbar [14] for the IF miniband edge and the X 
states respectively it would be expected that they would be brought into resonance at 
around 4kbar. To illustrate the effects of hydrostatic pressure we show the conduction 
band alignments at different pressures in Fig. 5.5 (a), (b) and (c). 
n =1 
n Fl- X Level 
Miniband 
(a) 
(b) 
(c) 
4+4 4+8 Well 4+8 4+4 
Fig. 5.5. Schematic conduction energy band diagram of the complete laser structure at different 
hydrostatic pressures, (a) Okbar, (b) 3 kbar. (c) 6 kbar. The confining potential 
for the GaAs 
quantum well is the r superlattice miniband edge. 
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5.4.2 Effect of pressure on threshold current 
Similar behaviour to Fig. 5.3 was reported by Blood et al [14] who observed 
a progressive increase in threshold current in a 57A A1o. 15Gao. gsAs laser whose barriers 
were bulk Alo. 36Gao_6, As. At atmospheric pressure the lowest confined state of the 
AI0.15Gao. 
gsAs lay within 140meV of the barrier X minima. The increase of the 
threshold current was attributed to thermal excitation of the carriers from the quantum 
well to the barrier X states and subsequent nonradiative recombination. We believe the 
same mechanism is responsible for the increase in the threshold current of our 
superlattice barrier lasers. At 5kbar the lasers under investigation here had an energy 
difference of 130meV separating the X level in the barrier and the F level in the well. 
This is about equal to the calculated energy separation of the lasers incorporating an 
(AlAs)8(GaAs)e superlattice barrier, which have a separation of 128meV between the 
barrier X minima and the quantum well, n=1, confined state at atmospheric pressure. 
That these (AlAs)8(GaAs)8 barrier lasers did not achieve lasing is not explained by 
the proximity of the barrier X level to the r level in the well and further investigation 
would be needed to resolve this problem. 
By raising the temperature of the device by 15°C we were able to cause the 
threshold current to increase more rapidly as shown in Fig. 5.6. The exponential fit 
of Fig. 5.3 is shown adjusted to the higher temperature but this does not account for 
the behaviour of the device shown in Fig. 5.6. and we conclude that more detailed 
modelling (ie calculations of gain and its temperature dependence) would be required 
to fully understand the pressure and temperature behaviour of these devices. 
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Fig. 5.6 The affect of pressure on the threshold current of a 57A GaAs quantum well laser at a 
temperature of 313K. The dashed line is the expected variation according to results of Fig. 5.3 
extended to the higher temperature. 
5.4.3 Effect of pressure on differential efficiency 
Adams and Dawson [15] propose that the increase in efficiency with pressure 
can be explained in terms of the current theories which are used to describe the 
transport properties of superlattices and double barrier structures. Mendez et al 
[19], Jackson et al [20] and Foster et al [21] have presented strong evidence for 
tunnelling being modified by the X minima in the barrier material. We therefore might 
expect that the electron tunnelling probability is significantly enhanced as the X 
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minima approaches the lower superlattice miniband region which is populated by 
electrons (Fig. 5.5b). This improved conduction path might then yield a greater 
differential quantum efficiency as nonradiative losses in the superlattice barrier are 
reduced as a result of the decreased transit time of the electrons through the 
(AlAs)4(GaAs)g barrier region. This explanation has not been verified by IN 
measurements as a function of pressure and does not fully account for the behaviour 
of the spontaneous emission which might also be expected to increase as a result of 
improved injection efficiency. Again, further work may be able to explain this 
behaviour. 
5.5 Conclusion 
In summary, we have performed hydrostatic pressure measurements on a 57A 
GaAs quantum well laser with superlattice barriers to monitor the effect of driving 
the superlattice to have a type II band alignment i. e. the X conduction band minima 
lie below the superlattice IF minimum band edge. This leads to a rapid increase in the 
laser threshold current as the pressure is increased which is attributed to loss of 
electrons from the lasing quantum well to the X minima in the barriers and subsequent 
non-radiative recombination. 
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Chapter 6 
GaInP Visible Laser Diodes 
6.1 Introduction 
Visible semiconductor diode lasers have considerable commercial importance 
attached to them, particularly for applications such as optical disk storage and laser 
printing. To be successful in these areas the laser diodes must satisfy certain 
performance criteria such as low threshold currents, temperature stability, output 
power of over 50mW CW, long operational lifetimes and low astigmatism. Most effort 
is directed at obtaining such characteristics with lasers emitting at around 630nm 
which would allow direct replacement of the more cumbersome Helium-Neon lasers. 
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The first room temperature CW operation of visible laser diodes was achieved 
in 1985 by Kobayashi et al [1] with a Ga0.5Ino55P active layer, emitting at 670nm, with 
quaternary barriers. Since that time there has been some progress in obtaining the 
performance criteria outlined above. Table 6.1 illustrates the most recent, published, 
advances achieved at the time of writing of this thesis. The values shown are for room 
temperature and CW operation. As can be seen the minimum obtained wavelength is 
actually 615nm, but with a threshold current density of 8.6kA/cm2 [9]. 
Smucmre Barrier 7` (Mo) )ih 1cAJbm2 Tai (f0) Power (-W) Sub. angle (hoop 
403% CSaain DQW 633 0.676 Pb4s (2) 
-0S% TSaain DQW 633 0392 ps 
[2) 
405% CSaain MQW MQB 630 2971 65 5 9 Sanyo (3) 
+1.0% TSorain SQW 636 12 45 7 Spectra Diode (4) 
4QW MQB 634 245 74 5 15 Toshiba [5) 
4MG%95lnP MQW 638 88 3 7 Hliadd (6) 
+0.65%CStnin MQW 633 4.3 38 sumlsom (71 
-1.0% TScain 8QW MQB 625 8.3 22 
1 15 Toshiba (8) 
CStrain MQW MQB 615 8.6 30 8 9 Sanyo [9) 
+1.0% CSaain 4QW 634 1.7 6 
8eilco*e (10) 
Untrained MQW (AIInP)12 
(Qainl)u 
SL 
629 2 (60) 15 Sophia Unl. [11] 
BQW Unsvaioed 636 33 15 7 Sanyo (12) 
GalnP SQW 680 0.6 1000 Spectra Diode (131 
+0S% CScain MQW 677 1.1 (144) 50 
MmUbita [14) 
Table 6.1. A comparison of recently reported visible laser diode performance. 
For 630nm band operation' threshold current densities as low as 0.6kA/cm2 have been 
achieved by the incorporation of strained layer active regions [2). The highest reported 
* In this context most authors consider 'band' as (? +10)nm where ? is the 
minimum achieved operating wavelength 
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output power of a 630nm band laser is 45mW by Geels et al [4], who also used a 
strained active region. However the temperature sensitivity of these lasers is a major 
drawback and it is more likely for authors to report maximum operating temperatures 
rather than To values. Much superior operating characteristics are seen for 670nm band 
operation, mainly because of the increased carrier confinement obtainable in these 
laser structures. As alluded to above, the incorporation of strained layers results in 
enhanced performance of visible laser diodes. There are also several other ways of 
improving performance. 
6.1.1 P-Side Barrier Region 
Carrier leakage over the heterobarrier is viewed as the main cause of the 
temperature sensitivity of visible lasers. For a diode under forward bias the electric 
field at the junction region is reduced and leakage currents are mainly due to 
diffusion. Since the hole mobility is much less than the electron mobility the electron 
diffusive current dominates the leakage process. Hence the p-side barrier region is the 
more critical in terms of reducing leakage currents. The barrier height to electrons may 
be defined in terms of the difference between the quasi-Fermi level in the active 
region and the conduction band edge of the barrier. This is illustrated in Fig. 6.0 
where we see that the effective barrier height for electrons may be defined 
in terms 
of the hole Fermi level in the barrier as: 
Sa=AEg-Fv-(Fct-F) 6.1 
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From this we see that if we decrease F2 by highly doping the p-side barrier then the 
barrier to electrons, 6, is increased. 
------- Fermi Level 
Fig. 6.0. Energy levels of pin diode structure showing relationship between the barrier hole fermi 
level and the energy barrier to electron leakage. 
6.1.2. Bandgap tailoring via growth control 
It has been found that the direct bandgap of Ino s(Gal.: )o. sF'o. s is very 
sensitive to growth conditions, such as substrate orientation [15], growth temperature, 
growth rate, and ratio of rn/V gas mixture in MOCVD growth [16]. Hence the 
bandgap of GaInP can be adjusted between around 1.85eV and 1.9eV. Suzuki et al 
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[17] suggest two mechanisms for the formation of ordered growth, the first is an intra- 
plane ordering whereby the Ga and In atoms align into a series of alternate Ga-atom 
lines and In-atom lines within each (001) plane. The second mechanism 'phase-locks' 
the first mechanism so that in the Ll1] direction a (111) superlattice is formed. With 
the formation of this superlattice the bands in the 1111] direction, ie the L direction, 
fold into the r point. Their interaction is then to lower the conduction band minimum 
and raise the valence band maximum with a resulting decrease in direct bandgap [18]. 
Disordered growth can decrease the minimum operating wavelength of a particular 
laser structure. It has also been used to form a wide bandgap window at the laser 
facets, as shown by Ueno et al [19], in order to reduce catastrophic optical damage 
(COD). 
6.1.3 Strained layer quantum wells 
Although the incorporation of a multiple quantum well active region results in 
lower threshold current densities than for a bulk device, even greater improvements 
should be possible with strained layer quantum wells [see chapter 2, section 2.51. The 
first systematic comparison of the effects of strain on visible lasers was performed by 
Valster et al [2), the results of which we show in Fig. 6.1. Quite clearly the initial 
effect of strain is to decrease 4, however at strains greater than +/- 0.5%, the 
threshold current density increases. 
In this chapter we have examined visible lasers under the influence of high 
pressure in order to study the likely band structure dependent loss mechanisms that 
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might occur at large strains and offer explanations for the behaviour of the devices 
shown in Fig. 6.1. 
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Fig. 6.1. The results of Valster et al [2] showing the effect of strain on the threshold current of 
visible laser diodes with a fixed wavelength of 633nm. 
6.2 Device details 
6.2.1 Philips Bulk Lasers 
Double heterostructure lasers have been grown by low pressure organometallic 
vapour phase epitaxy (LP-OMVPE) at 50mbar on (001) orientated Si-doped GaAs 
substrates at 700C with a VIII ratio of 300. The structure consists of 0.8µm Se doped 
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(Aio. 6Gao. 4)0.5InO. lP cladding layer (n =1x 1018 cm'), a 0.08µm undoped Gao, SIno SP 
active layer and a 0.8µm Zn doped (Alo. 6Gao. 4)0. no. sp cladding layer (p =3x 1017 cm 
3). Further details have been published by Valster et al [20]. 
6.2.2 Philips 1% Compressively Strained Lasers 
We have also examined compressively strained quantum well lasers grown at 
a higher growth temperature, which gives a degree of disordering of approximately 
70%. The strained devices have a 1% compressively strained GaInP quantum well 
active region embedded in an (A]d. 4Gao. 6)o. s1no. sP confinement layer with n and p doped 
(A10.7Gao. 3)0.5Ino. 5P cladding layers. 
For both types of Philips device, ridge type gain guided lasers emitting at 
675nm have been fabricated. 
6.2.3 IBM 1% Compressively Strained Lasers 
High power, 60mW CW, 690nm index-guided single mode lasers have been 
fabricated by IBM [21]. Low pressure MOVPE has been used to fabricate the devices 
which consist of two 100A wide 1% compressively strained GaInP quantum wells 
separated by a 40A AlGaInP barrier, in a (parabolically) graded-index AlGaInP region, 
0.14µm wide on each side of the wells. This region is bounded by 0.19µm wide 
(4.7Gao. 3)0 5In P barriers and 1.85µm wide AIGaAs cladding 
layers. 
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6.3 Results and discussion 
6.3.1 Philips Bulk laser 
Figure 6.2 illustrates the change in lasing wavelength as a function of 
hydrostatic pressure. 
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Fig. 6.2. The effect of pressure on the lasing wavelength of a bulk GaInP laser diode grown in the 
ordered phase. Assuming that the lasing wavelength follows the bandgap, we calculate a pressure 
coefficient of the direct bandgap of 7meV/kbar. 
Since, as shown later, there is little change in threshold current with pressure up to 10 
kbar, we may assume to a good approximation that the change in lasing photon energy 
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follows the change in band gap energy. The variation we observe corresponds to a 
pressure coefficient of 7 meV/kbar. This is in good agreement with Kobayashi et al 
[22] for a growth temperature of 700°C and confirms the presence of an ordered 
structure (see reference [22]). 
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Fig. 6.3. The dmshold current of a bulk GaInP laser as a function of pressure. Deviations from 
the dotted line are modelled as an excess pressure dependent current with an activation energy 
which decreases at a rate of I ImeV/kbar. This value corresponds to the rate at which the X minima 
and r minimum approach each other. 
Figure 6.3 shows the variation with pressure we observe in the threshold 
current. Although initially it remains almost constant, above 8kbar we see that there 
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is a rapid increase in L which corresponds to a pressure dependent loss mechanism. 
If we assume that this mechanism has an associated activation energy we can model 
the increase in IU, as an excess pressure dependent current given by equation 6.2 and 
shown in Fig. 6.4. From this we find that the activation energy, i. E, of our loss 
mechanism decreases at a rate of 11 +/- 1meV/kbar, where we fit the high pressure 
excess current by: 
0.0 
-1.0 
-2.0 
K 
v 
-3.0 
_d n 
I©rcESS = 1. exp (-OFAT) 
d((E)/dP = 11 +/- 1 meV/kbar 
5.0 7.0 9.0 11.0 13.0 15.0 
Pressure (kbar) 
(6.2) 
Fig 6.4 Increase of Ith of bulk GaInP laser modelled as an excess pressure dependent current 
according to equation 6.2. 
84 
Chen et al [23] have observed that in Gao. 52Ina. 43P the X minima approach the valence 
band maximum at 2 +/-0.3meV/kbar. Thus, from our observed pressure coefficient for 
the r minimum, it is approaching the X minima at 9 +/-0.8meV/kbar which, within 
the error of the approximations made, is close to our observed pressure coefficient 
of AE (11 +/-1meV/kbar). We therefore conclude that the observed increase in Ith 
above 8 kbar is due to thermal excitation of electrons into X minima. To further 
investigate this behaviour we must determine the relative positions of the band minima 
as a function of pressure. This task is complicated by the conflicting data available on 
r-X energy separations and band offsets, which are illustrated in Table 6.2. 
Author Bandgap for Ternary r- Band offset to GaAs mr mx Comments 
(AI, Ga1"., b4, P X E-8Y (to AlßalnP in brackets) 
Separation 
Watanabe (24) ;r=1.9 + 0.6x 350meV AE = 0.19 + 0.27x 0.099 035 Disordered 
Hatskoshi [25) Eyx = 2.23 + 0.1 x AF, = 030 + 032x Room Temp 
___ 
Valster (26) B, ` = 1.95 + Omx 377=V O dwd 
8, x - 2227 + 0.05x 295K 
Valatee [261 ;r=2.0 + 03x 340meV Disordered 
Eýx_2.34 5K 
Liedeubaum [271 (Q = 0.65) 5K 
Chan (231 Byr = 1.97 290meV Q, = 0.13 25K 
Eyx = 2.26 
Auvergne 1281 Er=1.965 
- 
365meV 10K 
F =2.330 
Kobayashi 122) E1r= 1.9 380meV 77K 
Eýx= 2.28 
Rem [291 Fyr = 1.87 360meV 0.11 0.23 Room Temp 
Aliben (301 %x = 2.23 
Hsieh [311 Q. = 0.88 
Table 6.2. A comparison of reported bandgaps and band offset data. 
Liedenbaum et at [27] have used k. p calculations to fit to low temperature 
photoluminescence data on Ga0 5Ino. 5P/(A10.6Gao, 4)0 5In0.3P quantum wells and 
find a 
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fractional conduction band offset between the ternary and quaternary of Q=0.65. 
Conversely, Watanabe et al [24] have fitted C-V data and from extrapolating their 
results to this same system we find that Q, = 0.45. To balance our arguments we 
consider two possible configurations from the data of table 6.2. Firstly in Fig. 6.5a we 
show the energy levels according to the data of Watanabe et al adjusted with the 
direct bandgap decreased by 50meV to account for our laser being grown in the 
ordered phase. 
A10.3Gao-2Ino. 5p Gao3Ino3P 
29meV 
L 
---- --ý 377meV ----- 
246meV 
(b) 
100meV 
P -I_ 400meV 
171meV 
(a) 
Fig. 63 a) Energy level structure of bulk laser using values of Watanabe [24]. For this case 
Qß=0.45 and the F levels have been decreased by 50meV to account for the ordered growth. b) 
Energy level 
representation of bulk laser using values of Liedenbautn [27] for the band offsets and those of 
Valster [26] 
for the r and x level positions. 
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Secondly, in Fig. 6.5b, we use the band offsets of Liedenbaum with the 17-X 
relationship of Vaister et al [26]. In both Fig. 's 6.5 a) and b) the X level in the GaInP 
active region is at a significantly higher energy than the r minimum and because of 
this we do no expect it to play a role in our pressure dependent loss mechanism. 
However, when we examine the r'-X separation in the barrier we see that the values 
of Watanabe, Fig. 6.5a, give a value of 100meV whilst in Fig. 6.5b we find a 
separation of just 29meV. From the pressure results of Fig 6.2 we are not able to say 
which is the more likely energy level configuration out of Fig. 's 6.5 a) and b). 
The values of Watanabe have a I'-X splitting of 50 meV in disordered 
(Al0.6Ga0.4)0. sIn 5P layers. Ordering occurs along the (111) direction in this alloy and 
it is generally believed that it most strongly influences the F conduction band edge, 
shifting it downwards by of order 50meV [18]. This would increase the barrier r-X 
splitting to 100 meV, which is the value illustrated in Fig. 6.5a. On the other hand, 
the recent photoluminescence measurements by Valster et al [26) indicate an equal 
shift of 100 meV for both the direct (I) and indirect (X) band gap in ordered (A1,, Ga1_ 
x)0.51no5P alloys, suggesting that the barrier r-X splitting for Fig. 6.5a should be 
about 50meV. From this discussion we would expect to find that the X minima in the 
barrier are between 221meV and 275meV above the r minimum in the active region, 
at atmospheric pressure. 
For either configuration, the application of hydrostatic pressure will decrease the 
splitting between the barrier r and X levels, and the barrier is predicted to go indirect 
at a crossover pressure, p, of 1lkbar for the configuration of Fig. 6.5a and 4.5kbar 
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for Fig. 6.5b. This has two consequences for carrier confinement in the active region. 
Firstly the effective density of states in the barrier is increasing due to the large mass 
and closer proximity of the X minima. Secondly, as we go above the crossover 
pressure, the barrier becomes indirect and the barrier height will be lowered. This 
combination of effects will result in significant carrier leakage, which we believe is 
responsible for the increase in Ih with pressure. 
6.3.2 Philips Compressively Strained Laser 
Now that we have established the role of the barrier X minima in a bulk 
unstrained visible laser, we turn to consider the loss mechanisms in a compressively 
strained device. 
6.3.2.1 Lasing wavelength with pressure 
The pressure dependence of the lasing energy, fig 6.6, which we equate to the 
pressure coefficient of the direct bandgap, has been measured as 7.5 +/-0.5meV/kbar 
but would have been expected to be around 9+/-0.2meV/kbar for disordered growth 
[20]. The difference may be due to a strain effect, as reported by Wilkinson et al [32], 
which would not be present for the barrier material and would therefore result in a 
difference between the pressure coefficients of the well and barrier of 1.5 +/- 
0.7meV/kbar. 
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Fig. 6.6. The pressure dependence of the lasing transition energy for a 1% compressively strained 
SQW device. 
6.3.2.2 Threshold current with pressure 
The effect of pressure on a 1% compressively strained quantum well laser is 
shown in Fig. 6.7. Up to 6kbar we see that L is rapidly decreasing (at about 5%/kbar), 
a behaviour never seen before in short wavelength lasers (the bulk GaInP laser just 
discussed only decreased by 0.5%/kbar). Above this pressure we see a rapid increase 
in threshold current, as in the unstrained case. We have already demonstrated, in 
chapter 2, that for quantum well lasers the shift to shorter wavelengths with pressure 
is expected to increase the optical confinement factor by about 2%o/kbar for the GaInP 
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devices but this alone cannot explain such a rapid rate of decrease of threshold current 
with pressure. 
1.4 
1.2 
1.0 
0.8 
na 
0.0 5.0 10.0 15.0 
Pressure (kbar) 
Fig. 6.7. The effect of pressure on the threshold current of a 1% compressively strained GaInP 
quantum well laser. 
Additionally it is possible that the conduction band offsets are increasing with 
pressure, thus increasing carrier confinement and decreasing 4. Chong et al [31] 
report a dramatic decrease in L by increasing the aluminium content in the AIGaAs 
cladding of a GaInAsP laser operating at 670nm. They find a reduction in Ih of about 
70% when increasing the barrier height from 200 to 300meV. This could be 
approximated to a rate of decrease of 1% per meV and, although the two systems are 
quite different, we might expect that an increase in band offsets with pressure of 
around 1.5meV/kbar as discussed in section 6.3.2.1 may also be a cause of decrease 
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in I,,. The increase of Ih with pressure above 6kbar is modelled as an excess pressure 
dependent current in the same way as for the bulk GaInP device, using the initial 
decrease in I as a reference line which is extrapolated to higher pressures, Fig. 6.8. 
2.0 
1.0 
0.0 
F(t) 
-1.0 
-2.0 
-3.0 6.0 8.0 10.0 12.0 14.0 
Pressure (kbar) 
Fig. 6.8 Excess pressure dependent current for 1% compressively strained laser 
The change in activation energy with pressure of 9 +/- lmeV/kbar leads us to again 
suspect the influence of the X minima, this time in the disordered (Ala_4GaO. 6)osino. 5P 
barrier layers, where the I' -X splitting is calculated, following Watanabe, to 
be 
150meV at ambient pressure, as shown in Fig 6.9. Although this is 50meV larger than 
that for the unstrained laser barrier, the electrpn confinement is calculated to be 
60meV which reduces the effective barrier height by at least the same amount, thus 
facilitating loss from the well to the barrier X minima. 
d(AE)/dP =9 +/- 1 meV/kbar 
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---- Confined states 
Fig 6.9. Calculated energy levels of 1% compressively strained laser using the band offsets and 
energy levels of Watanabe [22]. 
The presence of a strained active region appears then to have had little influence on 
the well- and barrier-related loss mechanisms in this case. This conclusion is in 
agreement with calculations we have undertaken using Van de Walle's model solid 
theory [33] to investigate how the band-structure dependent loss mechanisms vary 
with strain in Gal_xInxP visible lasers. Figure 6.10 shows the effect of strain on the 
conduction band edge energies in Ga, _=In. 
P grown on GaAs. We have fitted the r- 
X splitting in disordered lattice-matched GaInP as 350meV and then used model solid 
theory [33] to predict how the I' and X band edge energies vary with strain. 
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Fig. 6.10. Using the method of Van de Walle we have calculated the effect of strain on GaInP in 
order to assess its behaviour as the active region of a laser. Strain clearly has an effect on the X 
minima which could prove problematic for tensile strained lasers with strains greater than 1%. 
The direct band gap decreases and the conduction band r minimum (EI) shifts 
down in energy with increasing In composition. The three X minima are degenerate 
in the lattice-matched structure, but are split into a singlet (E') and doublet (Exx, Ely) 
with strain. The energy of the lowest X states in the compressive case (Ex, Exy) 
shows little variation with strain so that losses into the active layer X states are 
expected to remain unimportant for compressive strain. 
Conversely, we see for the tensile case that the Vz state shifts down in energy 
towards the r minimum, with the strained alloy predicted to go indirect for 1.8% 
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tensile lattice mismatch. We believe that losses associated with the well X states are 
responsible for the increase in L at higher values of tensile strain seen by Valster et 
al, Fig. 6.1. Valster also found an increase in IU, at larger values of compressive strain 
which can be explained in terms of reduced optical confinement. Because compressive 
strain is achieved by increasing the Indium content, which decreases the direct 
bandgap, higher values of strain require narrower wells in order to maintain a fixed 
emission wavelength. We have calculated [34] the required well width as a function 
of strain, Fig. 6.11, to maintain a constant lasing wavelength of 670nm and of 633nm 
for compressively strained disordered Gal_,, hi P layers between disordered 
Alo. 2Gao. 31no. 5P barriers. 
100 
--ý 7. -633nm 
H X; -67Onm 
80 
b 6O 
40 
20L- 
0.0 0.5 1.0 1.5 2.0 
Compressive strain (%) 
Fig. 6.11. For the compressively strained case the decrease in bandgap necessitates narrow wells 
in order to maintain short wavelengths. The corresponding decrease in optical confinement will 
have a deleterious effect on ]. k- 
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We assume a 40: 60 conduction to valence band offset ratio, although a 60: 40 
ratio makes very little difference, with the barrier conduction band edge energy 
indicated by the dotted line in figure 6.10. The necessary decrease in well width 
reduces the optical confinement factor and hence Ih increases. This limitation in 
compressively strained devices could be offset by employing AIGaInP quaternary 
alloys for the quantum wells, which would not require such thin wells. 
Up to now we have been concerned with the positions of the X and r minima 
as a function of pressure and strain and have not discussed the effect of the L minima. 
In calculations of carrier leakage the exact positions of the F, X, and L minima are 
important and, as seen from table 6.2, there can be significant variance in the position 
of the X minima in relation to the I' minimum. Similar uncertainties occur for the 
Gao. 5Ino. SP L minima position, Bugajsld et al [35] report a F-L separation of 110meV 
at low temperature, Pitt et al [36] report 200meV and Auvergne et al [26] give 
180meV. The important consideration here though is that all of these values are 
significantly below the reported positions of the X minima. In Fig. 6.12 we illustrate 
the behaviour of the L minima with composition according to the values of Ref. 26, 
and contrast Bugajski's values with those of Van de Walle. The curves have been 
fixed relative to the IF conduction band energy for the GaAs lattice matched 
composition, Ga0S2In0.48P, of Van de Walle with the L minima 180meV above the F 
minimum. Since the L minima should not be affected by strain in the ( 100) direction 
then, if the L position is correct, we see that it moves towards coincidence with the 
I' minimum for the case of tensile strain. Thus the L minima may also play a part in 
the increase in Jt, for high values of tensile strain. 
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Fig 6.12. The compositional trend of the L minima of Ga, jnP compared with the values shown 
in Fig. 6.10. For comparison, the F minimum is shown as a function of composition only according 
to Van de Walle and Bugajsid. All values are fixed relative to the zero strain 1' conduction band 
minimum of Van de Walle. 
The remaining concern then is the position of the L minima in the barrier 
regions. With pressure, the L minima are expected to move away from the r valence 
band maximum at a rate of around 5meV/kbar [37]. In the quaternary barrier region 
the r minimum, which has a pressure coefficient of between 7 and 9 meV/kbar, would 
thus be approaching the L minimum at a rate of at most 4meV/kbar. At a particular 
pressure the r and L minima would be brought towards coincidence resulting in an 
96 
increased effective density of states and lower barrier height as already discussed 
above for the case of F-X crossover. 
6.3.3 IBM 1% Compressively strained DQW lasers 
We have recently [38] performed high pressure measurements on 1% 
compressively strained DQW lasers with parabolically graded barrier regions and 
AlGaAs cladding regions, as discussed in section 6.2.3. The results of the high 
pressure experiments are shown in Fig. 6.13. 
10.0 
8.0 
6.0 
4.0 
2.0 
_0--0--'--0 
--»", 
0.01- 0.0 5.0 10.0 Pressure (kbar) 
15.0 
Fig 6.13. Effect of pressure on the threshold current of an IBM 1% compressively strained laser. 
The dashed line is an exponential fit of the data which yields a loss mechanism corresponding to 
the X minima as for the case of the Philips bulk and strained lasers discussed earlier. 
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It was originally thought [39] that there were two loss mechanisms responsible for this 
behaviour in pressure, an assumption which led to the discovery of an L-related state 
in a sample from the same wafer [40] (measured by high pressure PL). However the 
data of Fig. 6.13 may be adequately fit with one loss mechanism, as for the Philips 
lasers already discussed in this chapter, and yields a loss process with an activation 
energy changing at a rate of 9 +/- 0.5 meV/kbar, also corresponding to loss to higher 
lying X minima. 
6.4 Conclusion 
By monitoring the lasing wavelength we have measured the pressure 
dependence of the direct bandgap of ordered GaInP to be 7meV/kbar. The effect of 
pressure on the threshold current of visible lasers is to increase losses to the X 
minima in the barriers. For an unstrained bulk laser emitting at 670nm this loss 
process is not significant until pressures of around lokbar. The threshold current of 
a laser with a 1% compressively strained quantum well decreases with pressure up to 
6kbar, a behaviour never observed before in short wavelength lasers. Above 6kbar the 
strained device behaves similarly to the unstrained laser and we therefore also explain 
its behaviour in terms of losses to the barrier X minima. The results on the IBM 1% 
compressively strained DQW laser indicate that losses are also due to the X minima 
in these structures. 
98 
Calculations of the effect of strain on GaInP leads us to propose that increases 
in IU, for tensile strained visible lasers as a function of increasing strain are due to the 
active region X minima. Similar increases in L, for highly compressively strained 
lasers are explained by the reduction in well width, and therefore optical confinement 
factor, which is essential in order to maintain a particular lasing wavelength whilst 
increasing the built-in strain. We have given some consideration to the possible 
influence of the L indirect minima and believe that it may also be influential in the 
active region at high values of tensile strain. 
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Chapter 7 
Conclusions and Further Work 
7.1 Tensile strained 1.5}ß. m lasers 
At room temperature we have seen no evidence of intervalence band absorption 
(IVBA) for the tensile strained lasers as has also been reported for compressively 
strained lasers [1,2]. The absence of NBA should also improve the temperature 
dependency of the differential quantum efficiency and it may be for this reason that 
Thijs et al [3] have observed record CW operating temperatures, 140°C, for these 
tensile strained devices. Without NBA the threshold carrier density is decreased and 
so therefore is the amount of Auger recombination. We have, however, shown that 
Auger is still the main component of the threshold current and is reduced with the 
application of hydrostatic pressure. This reduction is believed to be due to two effects; 
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a change in carrier density (increase or decrease) brought about by the pressure 
dependence of the gain - carrier density relation and the inherent pressure dependence 
of the Auger coefficient. We have also measured the T. as a function of pressure for 
the tensile strained device and a bulk device and find that the T. is improved for the 
bulk laser but unchanged for the strained laser. We believe this is evidence that the 
Auger recombination present in the strained laser devices is a phonon assisted process 
rather than a band-to-band process, as has already been suggested by Fuchs et al 
[4). Further calculations of these processes are required to support this hypothesis. 
Although we have discussed how the improved performance of tensile strained lasers 
may follow from the result of the suppression of spontaneous emission there remains 
some uncertainty of the value of the in-plane uppermost valence band mass which 
could be resolved by direct measurement. Recent work [5] has shown that the T. of 
compressively strained lasers is insensitive to pressure over the temperature range 
from 290K to 360K. A greater insight may be gained by repeating the T0(pressure) 
experiment on tensile lasers over this, higher, temperature range. One of the 
motivations for measuring the threshold current as a function of pressure at low 
temperatures was to deplete the Auger recombination entirely and observe the 
subsequent (possibly expected [6]) increase in L, in a similar fashion to short 
wavelength lasers. This has been observed recently [6] for compressively strained 
1.5µm lasers at low temperature and at about 20kbar and it is hoped that the same 
behaviour may be shown at lower pressures with strained 1.3µm devices. 
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7.2 GaAs Quantum Well Laser with Superlattice Barriers 
We have shown, through hydrostatic pressure experiments, that the superlattice 
barrier of a quantum well laser has an influence on the pressure dependent losses of 
the laser. This is due to the AlAs X level which is brought towards the quantum well 
confined r state as pressure is applied. Here we see an important difference between 
the behaviour of the superlattice and of the equivalent alloy (by composition); because 
of the well-barrier r-X separation. Increases in differential quantum efficiency are 
observed to occur as the X and r levels in the superlattice are brought into 
coincidence. This work would therefore benefit by measuring the I-V characteristics 
as a function of pressure. 
7.3 Visible Lasers 
Contrary to long wavelength lasers the behaviour of visible lasers appears to 
vary dramatically between different device structures. A Philips bulk visible laser 
remains fairly insensitive to pressure until lOkbar, when its threshold current is 
observed to increase at a rate attributable to losses to the X minima in the barriers, 
and is observed to have increased by 60% at l4kbar. The Philips 1% compressively 
strained device actually shows a decrease in Lup to 6kbar, after which the threshold 
current increases rapidly in a similar fashion to the bulk laser, with losses also 
attributable to the X minima in the barriers. A preliminary study of an IBM 
compressively strained laser again shows similar behaviour. On the basis of 
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experiments on these devices we believe that the Xminima are the main cause of 
pressure dependent losses. To the best of our knowledge, the influence of the L 
minima has been ignored amongst publications on visible lasers, largely due to 
uncertainties in its position with respect to the r minimum. Using Van de Walle's 
model solid theory we have estimated the relative energies of the r and X minima as 
a function of strain and superimposed a possible trend (compositional only) of the L 
minima. With these calculations we have hypothesised that the L minima will be 
influential at high compressive strains due to the required narrow well widths and that 
at high tensile strains the X minima will have the most effect on threshold current. 
The uncertainty in the position of the L minima can perhaps be addressed by 
performing high pressure PL in a diamond anvil cell (DAC) on suitably designed 
samples. We have also discussed the discrepancies in the published values of the band 
offset ratios, values which, again, might be resolved by high pressure PL. 
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